All present-day mitochondria originate from a single endosymbiotic event that gave rise to the last eukaryotic common ancestor more than a billion years ago. However, to date, many aspects of mitochondrial evolution have remained unresolved. Comparative genomics and proteomics have revealed a complex evolutionary origin for many mitochondrial components. To understand the evolution of the respiratory chain, we have examined both the components and the mechanisms of the assembly pathway of complex I. Complex I represents the first enzyme in the respiratory chain, and complex I deficiencies have dramatic consequences in both animals and plants. The complex is located in the mitochondrial inner membrane and possesses two arms: one embedded in the inner membrane and one protruding in the matrix. Here, we describe the assembly pathway of complex I in the model plant Arabidopsis thaliana. Using a proteomics approach called complexome profiling, we have resolved the different steps in the assembly process in plants. We propose a model for the stepwise assembly of complex I, including every subunit. We then compare this pathway with the corresponding pathway in humans and find that complex I assembly in plants follows a different, and likely ancestral, pathway compared with the one in humans. We show that the main evolutionary changes in complex I structure and assembly in humans occurred at the level of the membrane arm, whereas the matrix arm remained rather conserved.
INTRODUCTION
The mitochondrion is one of the cellular features that define eukaryotes. From mitochondrial genome analyses it has become clear that the mitochondrial progenitor was an alphaproteobacterium (Roger et al., 2017) . After the establishment of endosymbiosis between the mitochondrial ancestor and its host, many events shaped the organelle, including gene transfer to the nucleus, gene loss and massive metabolic reorganization. The evolution of mitochondria followed many different paths in the many independent eukaryotic lineages, resulting in mitochondria with varying gene contents, proteomes and metabolic functions (Roger et al., 2017) . However, the evolutionary dynamics leading to this large spectrum of mitochondrial types remain mostly unresolved.
Mitochondria are critical for cellular respiration, the process that produces the energy used to fuel cellular metabolism. This energy is provided in the form of ATP molecules, which are mainly produced by the oxidative phosphorylation (OXPHOS) system. The OXPHOS system, located in the inner mitochondrial membrane, is composed of the electron transfer chain (ETC) that builds a proton gradient across the membrane and ATP synthase that uses this gradient to synthesize ATP. The first enzyme of the ETC is NADH-ubiquinone oxidoreductase (or complex I). It represents the main entry point for electrons in the ETC and contributes to the formation of the proton gradient across the membrane (Hirst, 2013) . Thus, complex I plays a key role in ATP production, and as a consequence impairments in complex I have dramatic effects on growth and survival across organisms (Janssen et al., 2006; Scheffler, 2015; Fromm et al., 2016a; Ostersetzer-Biran, 2016) .
Complex I has a bacterial origin (Friedrich and Weiss, 1997) . It is the largest complex of the ETC. In many bacteria, a 14-subunit complex is sufficient to fulfill the different functions of the complex (Yagi et al., 1998) . These subunits are conserved in all organisms that contain complex I and are therefore called the 'core subunits'. Compared with bacterial complex I, mitochondrial complex I acquired many additional subunits called 'accessory subunits'. The set of additional subunits varies among species from 25 to 35 (Carroll et al., 2003; Cardol, 2011; Meyer, 2012; Peters et al., 2013) . The exact roles of many accessory subunits are still unresolved (Hirst, 2011) , but almost all of them appear to be essential for the assembly and/or function of complex I, at least in humans (Stroud et al., 2016) . Complex I is composed of two arms, one embedded in the membrane, the 'membrane arm', and the other attached to one end of the membrane arm and protruding into the mitochondrial matrix, the 'matrix arm' (also called the 'peripheral arm'). The matrix arm is responsible for the transfer of electrons from NADH to the quinone, while the membrane arm is involved in proton translocation (Sazanov, 2014) . Each arm has been further divided into functional modules (Hunte et al., 2010) . The matrix arm is composed of the N module, which binds the NADH, and the Q module, in which electrons are transferred to the quinone. The membrane arm is divided into the P P and P D modules, which are proximal and distal, respectively, of the quinone-binding site.
Assembly of complex I involves many steps, from protein synthesis to the incorporation of cofactors. In eukaryotes, subunits of complex I are encoded by two different genomes. Therefore, tight coordination of the assembly process is required to avoid the accumulation of potentially harmful (i.e. ROS-generating) intermediates (Mimaki et al., 2012) . However, little is known about the regulatory processes that control the assembly of complex I, mostly because of our lack of knowledge about the assembly pathway itself. In past years considerable advances have been made in defining the distinct steps of the assembly pathway of complex I. Briefly, complex I is assembled in a modular manner: building blocks or assembly intermediates comprising several subunits are formed and later assembled together into the holocomplex (Vartak et al., 2014; Subrahmanian et al., 2016; Guerrero-Castillo et al., 2017a; Formosa et al., 2018) . When assembly is disturbed, for example when a subunit or assembly factor is missing, low levels of assembly intermediates accumulate (Meyer et al., 2011; Stroud et al., 2016) . Intriguingly, some of these assembly intermediates correspond to the different arm modules described above.
Investigating the assembly of complex I as a whole has been challenging. Parts of the assembly pathway can be deduced from the detection of assembly intermediates in native gels. Mutants that lack a subunit can show arrested assembly, and analysis of these provides information about the steps preceding the incorporation of that subunit (Meyer et al., 2011; Stroud et al., 2016) . Labeling of a subunit helps us to follow the assembly of the specific module of the complex in which the subunit is located (Lazarou et al., 2007; Vogel et al., 2007a; Lim et al., 2016) . However, more general, untargeted approaches need to be developed to study the assembly process more comprehensively. With the increasing sensitivity of mass spectrometers used for proteomics, the composition of even very low-abundance protein complexes separated in native gels can be investigated. Recently, a technique called complexome profiling has been developed to analyze the distribution profile of every detectable protein across a native gel (Wessels et al., 2009; Sokolova et al., 2010; Heide et al., 2012; Takabayashi et al., 2013; Senkler et al., 2017) . Briefly, complexes are separated on a native gel. Then, the gel is cut into many fractions that are all analyzed by mass spectrometry. Using label-free quantification, the abundance of a given protein in the different fractions is calculated. With this approach some low-abundance assembly intermediates can be identified. Combined with the use of experimental conditions that favor de novo assembly of the complex, complexome profiling represents a powerful tool for following every step of the assembly pathway. The assembly of complex I has been investigated in human cells (Guerrero-Castillo et al., 2017a) . Cells were treated with a translation inhibitor. After removal of the inhibitor, the assembly of complex I was followed using complexome profiling over 24 h. Almost all subunits were identified and their assembly into the complex could be followed (Guerrero-Castillo et al., 2017a) . Based on these data, the most detailed assembly pathway for complex I to date was proposed by Guaras and Enriquez (2017) and Guerrero-Castillo et al. (2017a) .
Using a combination of genetic and complexome profiling approaches, we investigated the assembly of mitochondrial complex I in the model plant Arabidopsis thaliana. We found that although the assembly pathway is grosso modo conserved between Arabidopsis and humans, there are several steps that differ between the two organisms. Phylogenic investigation of complex I proteins and assembly factors involved in the divergent steps suggests that the assembly pathway in plants is ancestral relative to the one operating in humans, and that human mitochondria evolved a new machinery to perform the early steps in assembly of the membrane modules.
RESULTS

Analysis of the assembly of mitochondria-encoded subunits
We have recently begun to investigate specific steps in the assembly of complex I in the model plant A. thaliana (Meyer et al., 2011; Schimmeyer et al., 2016) using genetic and biochemical approaches. In an attempt to extend this to the entire pathway, we decided to first pursue a genetic approach. Many mutants affecting the expression of mitochondria-encoded proteins have been identified in the past years (Colas des Francs-Small and Small, 2014) . In order to investigate the assembly of the mitochondriaencoded subunits of complex I, we obtained mutants affected in splicing, stability or editing of eight of the nine mitochondrial nad genes encoding complex I subunits (Table S1 in the online Supporting Information). Mitochondrial complexes were solubilized, separated in native gels ( Figure 1a ) and further analyzed using antibodies recognizing carbonic anhydrase CA2, an accessory subunit incorporated early during the assembly of complex I (Meyer et al., 2011) , the evolutionary presence of which in complex I dates back to the origin of the eukaryotes (Gawryluk and Gray, 2010) . Interestingly, every mutant analyzed accumulated at least one assembly intermediate, i.e. a CA2-containing complex of a size smaller than mature complex I (Figure 1b ). This indicates than even a single amino acid modification (resulting from an RNA editing defect) can lead to impaired incorporation of a subunit. The assembly intermediates detected correspond to the previously reported intermediates of 200, 400, 450 and 650 kDa (the fully assembled membrane arm) as well as complex I*, the last assembly intermediate of the pathway in plants (Meyer et al., 2011; Schimmeyer et al., 2016) . In two of the analyzed mutants, more than one nad gene was shown to have editing defects. In slo1, nad4 and nad9 remain unedited at specific sites, leading to the amino acid changes P150L in Nad4 and R110W in Nad9 (Sung et al., 2010) . In slo2, editing of sites in nad4L and nad7 is impaired, resulting in the amino acid changes S37L in Nad4L and L247F in Nad7 (Zhu et al., 2012) . By comparing the assembly profiles of slo1 and slo2 with the profiles of mtsf1 and bir6 (affecting nad4 and nad7 splicing, respectively), we were able to determine which editing defect was responsible for the observed assembly defect. The profile observed in slo1 is different from that observed in mtsf1, indicating that the incorporation of Nad4 is not affected in slo1 and, therefore, slo1 behaves like an Nad9-deficient mutant. Similarly, comparing the assembly profiles of slo2 and bir6 suggests that, in slo2, the assembly is disturbed before the integration of Nad7, and therefore the incorporation of Nad4L is (c) Profile of the CA2 subunit. Ten bands were excised from each lane of a native gel, digested with trypsin and analyzed by mass spectrometry. Using label-free quantification, CA2 was quantified in each fraction. The relative intensity of CA2 in each band is represented using shades of grey from white (indicating that CA2 was not detected or that this band was not analyzed) to black (indicating that the intensity of CA2 is more than 50% of the maximum value measured for complex I in the wild type). The bands of the molecular weight marker (in kDa) are indicated on the left. The numbers on the right indicate the 10 gel areas that were analyzed.
impaired. During this analysis, an 85-kDa intermediate was identified in the abo5 mutant ( Figure 1b ). In abo5, the splicing of nad2 is impaired, indicating that Nad2 is incorporated during the transition from the 85-kDa to the 200-kDa intermediate.
The limitation of this genetic approach is that it can only be applied to subunits for which mutants or antibodies are available. To overcome this limitation, we ran similar native gels, but instead of transferring the complexes onto a membrane for Western blotting, we excised 10 gel slices per lane, focusing on the areas where assembly intermediates had been detected previously ( Figure 1c ). We then determined the protein composition of each gel slice by mass spectrometry. We used label-free quantification to determine the abundance of CA2 in the different fractions and built an abundance profile for this subunit. The obtained profile is remarkably similar to that obtained with immunodetection ( Figure 1c ), indicating that the complexome profiling approach is suitable for the study of complex I assembly in Arabidopsis. Overall, we detected 38 complex I subunits out of 49 known ones using this experimental approach (Table S2 ). However, because we targeted the regions of the gel where known assembly intermediates were present, some other assembly intermediates may have been missed.
Assembly of complex I in the ndufv1 mutant
To solve the issue of missing assembly intermediates, a mutant in which all assembly intermediates are expected to accumulate should be studied. To this end, we decided to focus on the ndufv1 mutant. NDUFV1 is the subunit containing the NADH-binding site. It is located at the tip of the matrix arm. Probably because of its role and peripheral location, NDUFV1 is assembled late in humans (Guerrero-Castillo et al., 2017a) . In Yarrowia lipolytica, complex I can be almost fully assembled when NDUFV1 is absent (Clason et al., 2007) . In addition, we have previously shown that assembly intermediates accumulate in ndufv1 (K€ uhn et al., 2015) . Therefore, in ndufv1, the different steps of complex I assembly should be traceable. We separated solubilized complexes from ndufv1 mitochondria in a native gel and detected low levels of nearly fully assembled complex I ( Figure S1c ), confirming that NDUFV1 is assembled very late into the complex. We then performed an untargeted complexome profiling approach. We cut each gel lane into 30 slices, analyzing the entire lane to obtain full coverage of all known and putative assembly intermediates. We were able to identify up to 40 complex I subunits (Table S2) . Interestingly, this analysis allowed the identification of many subunits present in the assembly intermediates of the membrane arm. By contrast, when analyzing the subunits of the matrix arm, many were found to be of low abundance. On average, the relative abundance of matrix arm subunits in ndufv1 is 18% of wild-type levels, as opposed to the wild-type-like levels observed for the subunits of the membrane arm ( Figure 2) . We have previously shown that unassembled mitochondria-encoded subunits are detectable in the matrix fraction (Meyer et al., 2011) . We repeated this analysis excluding the mitochondria-encoded subunits and observed that the average abundance drops to less than 5% of the wild-type levels (Figure 2 ). This suggests that, in Arabidopsis, unassembled nuclear-encoded subunits of the matrix arm are removed from the matrix fraction and probably degraded, as has been proposed for human complex I (Lim et al., 2016) . Because the abundance of the nuclear-encoded subunits of the matrix arm is so low, no clear information on the assembly of this domain can be obtained through this approach, whereas the assembly of the membrane arm can be followed in this experiment (Table S2) . Therefore, another experimental set-up needs to be developed to obtain relevant data on the assembly of the matrix arm.
Assembly of complex I in seedlings
To increase the sensitivity of the complexome approach, we next sought to identify a developmental stage where active assembly of complex I takes place. We reasoned that because complex I is not essential for germination For complexome profiling experiments, a lane from a blue-native gel was cut into 30 slices that were analyzed by mass spectrometry. The abundance of each subunit was calculated by adding the abundances of the subunit measured in each of the 30 slices analyzed. To compare the wild type (WT) with ndufv1, the average abundance of complex III and complex V subunits was used to normalize both samples. For each subunit, the relative abundance of the subunit in ndufv1 and WT was calculated. The average value for each arm was obtained by calculating the average value of the subunits located in the respective arm (NDUFA2, NDUFA5, NDUFA9, NDUFV2, NDUFS1, NDUFS7, NDUFS8, Nad7 and Nad9 for the matrix arm; CA1, CA2, CAL2, P1, NDU10, 20.9 kDa, NDUFB2, NDUFB10, NDUFA8, NDUFA11, NDUFA13, NDUFC2, Nad1, Nad2, Nad3, Nad4 and Nad5 for the membrane arm). Similar calculations were performed excluding the mitochondria (mt)-encoded proteins (bars on the right). (K€ uhn et al., 2015) , and because seedlings are nearly exclusively composed of fast-growing tissues, complex I assembly should be occurring at a high rate in young seedlings. We thus extracted mitochondria from 7-day-old seedlings and compared them with mitochondria extracted from mature leaves. Using native gel electrophoresis and Western blotting with the anti-CA2 antibodies, we confirmed that assembly intermediates accumulate to higher levels in seedling mitochondria than in mitochondria isolated from mature leaves (Figure 3 ). Using this approach, breakdown products of holocomplex I cannot be excluded; however, in highly biosynthetically active tissue such as seedlings, assembly intermediates are expected to be more abundant. We therefore performed comparative complexome profiling of mitochondria from both materials. We identified between 40 and 47 complex I subunits per replicate. We then used the Nova software that applies hierarchical clustering to group proteins based on a similar migration pattern (Giese et al., 2015) . Manual inspection of the clustering results allowed the separation of assembly intermediates of a similar size. We obtained consistent results amongst replicates and were able to confidently identify several assembly intermediates (see below and Table S2 ). Thirty-seven subunits were followed with high confidence through the various intermediates.
Assembly of the building blocks
Complex I has been subdivided into several modules. The matrix arm is divided into N and Q modules and the membrane arm into the proximal (P P ) and distal (P D ) modules. We were able to reconstruct the assembly of these four modules (Figure 4) . In plants, the N module appears to contain only four subunits. NDUFV1 and NDUFV2, forming the NADH-binding site, are assembled together in an intermediate detected at a size of 120 kDa, suggesting the additional presence of an assembly factor as the combined mass of NDUFV1 and NUDUFV2 is only 75 kDa. Then, NDUFS1 and NDUFA2 are assembled onto this intermediate and the putative assembly factor is released, as the observed size corresponds to the combined mass of the four subunits. These four subunits are also detected in another assembly intermediate of 350 kDa ( Figure 4a ).
Next, we followed the five subunits of the Q module, according to the composition of this module in humans (Figure 4b ). First Nad7, Nad9 and NDUFA5 are assembled in an intermediate of 80 kDa. Then, NDUFS7 is incorporated to form an intermediate of 120 kDa. Due to its tight interaction with Nad7 and NDUFS7 (Zhu et al., 2016) , NDUFS8 is very likely integrated during this step, although we could not identify it in the corresponding fractions. The Q and N modules then associate with each other to form the 350-kDa intermediate.
The assembly of the P P module (the 450-kDa intermediate) has been previously described (Figure 1) (Meyer et al., 2011) . However, our analysis provides more detailed information on the subunit composition of the intermediates (Figure 4c) . First, an 85-kDa intermediate is formed, in which the five carbonic anhydrases are found. However, this subcomplex most likely contains only three individual subunits (Fromm et al., 2016b ) of this protein family. As proposed before, it probably contains one CAL (CAL1 or CAL2) and two CAs (CA1 and CA2 or CA3). This intermediate is then associated with Nad2, NDUFC2, P2 and the 20.9-kDa subunit to form the 200-kDa intermediate. Subsequently, the addition of Nad3, Nad4L and Nad6 to the 200-kDa intermediate, together with the assembly factor GLDH, forms an intermediate of 400 kDa. The final P P module is formed through the subsequent association of Nad1, NDUFA3 and NDUFA13 (Figure 4c) .
The assembly of the P D module was more difficult to investigate, as most of the subunits forming this module were found to have very low abundance. The fully assembled P D module is detected at a size of about 400 kDa (Figure 4d) . Four subunits (NDUFB2, NDUFB10, NDUFB11 and P1) have similar profiles showing an additional peak at 270 kDa, suggesting the presence of a stable assembly intermediate. Similar profiles were obtained for Nad4, Nad5, NDUFB3, NDUFB4 and NDU10 (encoded by At4g00585); however, the only clear intermediate that can be extracted from these profiles is the fully assembled P D module.
Genetic validation of the proteomic data
To confirm the results from our biochemical approach, we performed a genetic validation using T-DNA insertion mutants. Mutants lacking P2 and the 20.9-kDa subunit accumulate the same 85-kDa intermediate as abo5 (Figure S1a) , a mutant impaired in Nad2 splicing (Liu et al., 2010) . This confirms that P2 and the 20.9-kDa subunit are inserted in the same step as Nad2. Mutants lacking Nad3 or Nad4L accumulate the 200-kDa intermediate (Figure 1 ), indicating that these two subunits are added to the 200-kDa intermediate. In the same step, Nad6 is incorporated in the growing P P module, as it was detected in the next detectable intermediate (the 400-kDa intermediate) with anti-Nad6 antibodies (Meyer et al., 2011) . A mutant impaired in the splicing of nad1, otp43 (Falcon de Longevialle et al., 2007) , accumulates the 400-kDa intermediate (Figure 1 ) but not the P P module (450-kDa intermediate). The profiles of all subunits forming a particular module were combined. The relative abundances were normalized to the maximum value for each subunit (100%). Only the relevant region of the gel is shown in each panel. The x-axis shows the molecular weight in kDa. The different assembly intermediates are labeled according to their molecular weight, and the four complex I modules are labeled N, Q, P P and P D . The nearly fully assembled matrix arm is denoted Ma. See Table S3 for the calibration of the complexome profiling.
We have previously described a mutant showing a similar pattern (accumulation of the 400-kDa but not the 450-kDa intermediate); this mutant is lacking NDUFA1 (Meyer et al., 2011) . This confirms that NDUFA1 is assembled together with Nad1 during the last step of the assembly of the P P module. These nine mutants validate the proposed four intermediates observed for the assembly of the P P module. We have previously also studied mutants affecting several subunits of the matrix arm (NDUFA9, NDUFV1, NDUFV2, NDUFS1, NDUFS4 and NDUFS7) (Meyer et al., 2011; K€ uhn et al., 2015) . We now additionally obtained a mutant for NDUFA2. Similar to what we observed in mutants impaired in the production of Nad7 and Nad9 (Figure 1) , all these mutants accumulate the membrane arm of complex I and its assembly intermediates ( Figure S1b ) (Meyer et al., 2011) . Assembly intermediates of the matrix arm were never observed with the use of such genetic approaches. This is in line with our observation that nuclear-encoded matrix subunits are rapidly degraded when not assembled (as, for example, in the ndufv1 mutant; Figure 2 ).
Finally, we also isolated mutants affecting two subunits of the P D module of the membrane arm. These mutants lack the subunits P1 and NDU10. Both mutants accumulate the P P module (450-kDa intermediate) and complex I* (Figure S1c) , confirming that P1 and NDU10 are located in the P D module.
DISCUSSION
The assembly of complex I in Arabidopsis
Combining genetic and proteomic approaches, we report here several independent datasets that provide fresh insight into the assembly of complex I (Table S2 ). Based on these results, we propose an assembly map for complex I in the model plant A. thaliana ( Figure 5 ) that includes all complex I subunits. The assembly of the proximal part of the membrane arm (P P module, 450 kDa) has been previously described (Meyer et al., 2011) . In this study, we identified an additional intermediate involved in the initial step of assembly of this module and found that Nad2 is the first mitochondria-encoded protein to be assembled.
We obtained data on the assembly of the matrix arm in plants. The Q module (120 kDa) and N module (170 kDa) are first assembled independently, and then merged together with the addition of four subunits to form an almost fully assembled matrix arm (350 kDa). The association of NDUFV1 and NDUFV2 is detected at 120 kDa, 45 kDa larger than the predicted mass of the NDUFV1-NDUFV2 heterodimer. We conclude that a putative assembly factor, which remains to be identified, is present in this 120-kDa intermediate. This assembly factor is released when NDUFS1 and NDUFA2 are associated with NDUFV1-NDUFV2 to form the N module (predicted mass 165 kDa, observed mass 170 kDa). It should be noted that Arabidopsis has an ortholog of the NDUFAF2 complex I assembly factor (AT4G26965) that, in humans, is associated with the N module (Table 1) . Nevertheless, we were not able to detect its association with the N module in the complexome profiling data (Table S3 ). The 350-kDa matrix arm is then anchored on the P P module to form complex I* (800 kDa), a previously described assembly intermediate that accumulates to low levels in Arabidopsis mitochondria (Schertl et al., 2012; Schimmeyer et al., 2016) .
The distal part of the membrane arm (P D module) is most likely assembled in two steps. However, the subunits and intermediates of the P D module were found to have low abundance and, therefore, the assembly of this module is difficult to investigate. Interestingly, the observed molecular weight of the fully assembled P D module is 400 kDa, almost twice the size of the calculated mass of this module (the combined molecular masses of the subunits forming the P D module is 230 kDa). This is in line with what was observed for human complex I, where the P D -b module was found to migrate at an unexpectedly high mass (Guerrero-Castillo et al., 2017a) . These observations suggest that either many assembly factors are present in the P D module or the P D module is initially assembled as a dimer. In the last phase of the assembly process, the P D module is associated with complex I* to form the mature complex I.
A few subunits (NDUFA11, NDUFA12, NDUFB9) were only detected in the fully assembled complex I. These subunits may associate with the complex during the final step of assembly. Alternatively, they could be loosely associated with the complex and are released during solubilization of the membrane. Analysis of mutants lacking such subunits may help to resolve this issue. So far, we have not been able to obtain mutants for these subunits. Interestingly, these three subunits were found in abundance at the bottom of the gel. If this observation is not related to solubilization or migration artifacts it could suggest that the subunits are involved in other mitochondrial functions.
Recently, the mitochondrial complexome of Arabidopsis was described (Senkler et al., 2017) . In this work, complex I subunits were mostly detected within complex I and the supercomplex formed by complex I and complex III. Low levels of some subunits were detected in lower-molecularweight complexes. Interestingly, the observed masses of these smaller complexes differ from those observed in our analysis. For example, a complex containing many subunits of the matrix arm (NDUFV1, NDUFV2, NDUFS1, NDUFA2, Nad7, Nad9) is observed at 281 kDa whereas we observed a similar complex at 350 kDa. Senkler et al. (2017) performed their complexome profiling using mitochondria isolated from mature leaves and solubilized with digitonin. This experimental setup is different from the one we used (mitochondria isolated from seedlings and solubilized with dodecylmaltoside). These different experimental setups may explain the different observations in both studies and, unfortunately, the dataset from Senkler et al. (2017) cannot be used to refine our model.
Differences between assembly pathways in Arabidopsis and humans
Overall, the model we propose for complex I assembly in Arabidopsis is similar to the one proposed for its assembly in humans (Guerrero-Castillo et al., 2017a) . Similar building blocks are formed in both pathways. We observed divergence is the assembly of the matrix arm. In Arabidopsis, the matrix arm appears to be fully assembled before it docks on module P P , whereas in humans the Q module is anchored on the P P module and the matrix arm is fully assembled at a later stage (Guerrero-Castillo et al., 2017a). We did not find any evidence for Q/P P subassembly in any of our experiments. Instead, we have shown that mitochondria encoded subunits nucleus encoded subunits assembly factor predicted assembly factor unassembled subunits of the matrix arm are hardly detectable (Figure 2 ). These observations suggest that plant mitochondria do not possess the machinery to protect the Q module when it is not associated with the N module. We re-evaluated the evidence for homology between NDUFC1 on the one hand and NDU10/NUUM on the other, using currently available sequence data and the most sensitive homology detection tools. First, we created two alignments, using JackHMMER (Finn et al., 2015) , to detect homologs of the separate families: the first alignment was based on the detectable homologs of NDUFC1, the second one was based on the detectable homologs of NDU10 and NUUM. Subsequent comparison of the NDUFC1 alignment with the NDU10/NUUM alignment using the most sensitive homology detection tool HHpred (Alva et al., 2016) did not result in a significant expectation value (E > 100) between the two families. Also, from the published complex I structures there is no evidence for homology between NDUFC1 and NDU10/NUUM. In the mammalian structure of complex I, NDUFC1 is located at the periphery of complex I, in the immediate vicinity of NDUFC2 (Fiedorczuk et al., 2016) . In the structure of complex I in Y. lipolytica (Zickermann et al., 2015) there is no protein in the corresponding location. All in all, we conclude that there is no evidence for homology between NDU10/NUUM and NDUFC1. We used the same sequence analysis strategy, in which we compare sequence alignments with each other using HHpred to reevaluate the proposed homology (Cardol, 2011) between NDUFB1 (from mammals) on the one hand and 20.9 kDa (plants)/NUXM(fungi) on the other hand, and again found no evidence for homology. It should be noted that NDUFB1 is part of module P D in humans, whereas we found the 20.9-kDa subunit to be present in the P P module. Furthermore, NUXM, which has not been identified in the published Y. lipolytica crystal structure, has two predicted transmembrane helices while NDUFB1 has only one (Fiedorczuk et al., 2016) and the 20.9-kDa subunit was reported to be absent from metazoa (Li et al., 2013) .
Finally, based on the sequence alignment comparison strategy we found no evidence to support the proposed homology between the mammalian protein NDUFB5 and its fungal orthologs NURM (Neurospora crassa) and NUSM (Pichia pastoris) on the one hand with At1g67785 or any other Arabidopsis protein on the other, although the mammalian protein is present in the P D module (Fiedorczuk et al., 2016) . We therefore propose to rename At1g67785, which was considered orthologous to NDUFB5 (Cardol, 2011; Peters et al., 2013) , as P4.
Assembly factors
The only complex I assembly factor characterized in plants so far is GLDH (Schimmeyer et al., 2016) . Our study confirms its involvement in the assembly of the membrane arm and shows GLDH to be associated with the assembly intermediates of 400 kDa, 450 kDa and complex I* (Table S3) . Several other assembly intermediates were found to have an apparent molecular mass that is considerably larger than the theoretical molecular weight calculated by adding up the molecular weights of all subunits. This suggests the involvement of additional assembly Orthologs of confirmed human assembly factors were searched in the Arabidopsis genome. The complexome profiling data for each putative Arabidopsis assembly factor were extracted and are summarized in this table (see Table S3 for details). a Also found in higher-molecular-weight complexes in some replicates.
factors ( Figure 5 ). Because of the complexity of the fractions analyzed by mass spectrometry, no clear candidate assembly factors can currently be proposed. Novel strategies will need to be developed to identify these assembly factors.
We searched the Arabidopsis genome for the presence of genes encoding proteins that are homologous to human complex I assembly factors (Table 1) . Surprisingly, putative assembly factors involved in the assembly of the N and Q modules of the matrix arm are found in plant genomes, whereas assembly factors involved in the assembly of the membrane arm are, in general, not conserved. All these putative, conserved, assembly factors have been identified in our complexome profiling approach (Table 1) , and all of them are more abundant in seedlings than in mature leaves (Table S3) , consistent with a putative role in assembly processes. However, the fractions in which they were found to be most abundant are the fractions corresponding to their monomeric form (Table S3) . Therefore, at present, none of these putative assembly factors can be convincingly included in our assembly model.
Interestingly, out of the many assembly factors associated with the initial step in the assembly of the P P module in humans (NDUFAF1, ECSIT, ACAD9, TMEM126B and the putative assembly factors COA1 and TMEM186) (Guerrero-Castillo et al., 2017a), only NDUFAF1 is conserved in Arabidopsis (Table 1 ). All other assembly factors are only found in filozoa or metazoa (Elurbe and Huynen, 2016) , indicating an evolutionarily recent origin, after the branching of the Viridiplantae lineage that includes the seed plants. Subunits that occur in complex I of plants, fungi and amoebozoa but not of animals (Li et al., 2013) are considered to be ancestral. The presence of ancestral subunits in the assembly intermediates of the P P module of Arabidopsis and the evolutionarily late origin of the metazoan P P module proteins suggest that the assembly pathway we have described for the P P module in Arabidopsis represents the ancestral pathway. The machinery performing this step in complex I assembly has probably been replaced during the evolution of the metazoa, in that ancestral subunits were lost, which in turn necessitated the acquisition of novel assembly factors.
Evolution of the assembly pathway
In this study, we have analyzed in detail the mitochondrial pathway for the assembly of complex I. We compared this pathway in two model organisms, A. thaliana and Homo sapiens. Combining biochemistry with the genetic and phylogenetic distribution of the subunits, we conclude that plant mitochondria utilize an ancestral pathway whereas human mitochondria have evolved new features to perform key steps of complex I assembly. In particular, we show that the two arms of complex I evolved differently. The subunit organization of the matrix arm as well as the assembly factors required for the assembly of the matrix arm are largely conserved across eukaryotes. This is supported by the fact that, in the lineage leading to mammals, only the NDUFV3 subunit has been added to the matrix arm after the radiation of the eukaryotes (Gabaldon et al., 2005; Guerrero-Castillo et al., 2017b) , while the assembly factors that interact with the matrix arm, namely NDUFAF2, NDUFAF3 and NDUFAF4, all pre-date the eukaryotic radiation (Elurbe and Huynen, 2016) . In contrast, significant evolutionary changes occurred in the membrane arm. Most of the recent additions to complex I in metazoa (NDUFB1, NDUFC1, NDUFA10 and NDUFB6) and also the subunits that were lost (carbonic anhydrases, 20.9 kDa/NUXM and NDU10/NUUM) interact with the membrane arm. In addition, our analyses indicate that an almost entirely new machinery may have been acquired during the evolution of metazoa to mediate the assembly of this altered membrane arm. A similar situation has been observed for c-type cytochrome maturation (Bonnard et al., 2010) and the insertion of the Rieske protein into complex III (Carrie et al., 2016) , in that the pathways occurring in plant mitochondria are ancestral compared with the corresponding pathways in human mitochondria. This indicates that, during the evolution of metazoa, new selection pressures acted upon mitochondria which resulted in evolutionary novelties and partial replacement of biogenesis pathways. Overall, these observations suggest that, with respect to respiratory chain assembly, plant mitochondria are considerably more similar to the mitochondrial ancestor than animal mitochondria.
EXPERIMENTAL PROCEDURES Plant material and plant growth
Seeds were surface sterilized with 70% (v/v) ethanol containing 0.5% (v/v) Triton X-100 and sown in vitro on Murashige and Skoog (MS) medium [0.59 MS, 1% (w/v) sucrose, 0.7 % (w/v) agar]. Fourteen-day-old seedlings were transferred to soil and grown under a 16-h light/8-h dark photoperiod with an average light intensity of 150 lE m À2 sec
À1
.
Isolation of mitochondria, blue-native PAGE and Western blotting
Rosette leaves from 6-week-old plants or 8-day-old seedlings were harvested. Isolation of mitochondria, protein complex solubilization and separation in blue-native gels were performed according to K€ uhn et al. (2015) . The gels were either stained with colloidal Coomassie or transferred onto polyvinylidene difluoride membranes. For Western blot analysis, anti-CA2 antibodies (Perales et al., 2005) were used as primary antibodies at a 1:10 000 dilution and anti-rabbit antibodies linked to horseradish peroxidase were used as secondary antibodies. An ECL prime kit (GE Healthcare, https://www.gehealthcare.com/) was used for detection and the chemiluminescence signals were recorded using a luminescent image analyzer (G-Box-Chemi XT4, Syngene, https://www.synge ne.com/).
In-gel tryptic digestion
Gel slices were prepared for mass spectrometry by tryptic in-gel digestion as described in Meyer et al. (2011) . Peptides were purified using Ziptips (Millipore, http://www.merckmillipore.com) according to the manufacturer's instructions. The peptides were resuspended in 5% (v/v) acetonitrile, 0.1 % (v/v) formic acid and analyzed by LC-MS/MS.
Mass spectrometry
Peptides were separated on a C18 reverse phase analytical column (Acclaim PepMap100, Thermo Fisher Scientific, https://www.ther mofisher.com/) using an Easy-nLC 1000 liquid chromatography system (Thermo Fisher Scientific). Peptides were eluted using a non-linear 5%-34% acetonitrile gradient in 0.1% formic acid and 5% DMSO at a flow of 300 nl min À1 . The gradient lasted 28 min. After the gradient, the column was cleaned for 10 min with 85% acetonitrile in 0.1% formic acid and 5% DMSO. Eluted peptides were transferred to a nanospray ionization source and sprayed into an Orbitrap Q-Exactive Plus mass spectrometer (Thermo Fisher Scientific). The MS was run in positive ion mode. For full MS scans, the following settings were used: resolution, 70 000; automatic gain control (AGC) target, 3 9 10 6 ; maximum injection time, 100 ms; scan range, 200-2000 m/z. For data-dependent MS 2 , the following settings were used: resolution, 175 000; AGC target, 1 9 10 5 ; maximum injection time, 50 ms; loop count, 15; isolation window, 4.0 m/z; normalized collision energy, 30. The following data-dependent settings were used: underfill ratio, 1%; apex trigger, off; charge exclusion, unassigned, 1, 5, 5-8, >8; peptide match, preferred; exclude isotypes, on; dynamic exclusion, 20.0 sec.
Protein identification and quantification
The raw files obtained from Xcalibur (Thermo Fisher Scientific) were uploaded into MaxQuant (v.1.5.2.8) (Cox and Mann, 2008) and queried against an in-house database containing Arabidopsis proteins (TAIR10). Default parameters were used, except that label-free quantification (LFQ) and intensity-based absolute quantification (IBAQ) were activated. The IBAQ values were used for the quantification of proteins. For the calculation of average intensities, IBAQ values were normalized to the maximum abundance. NOVA v.0.5 (Giese et al., 2015) was use for estimation of the molecular weight range represented by each gel slice.
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